Abstract: The aim of the present work was to analyze the influence of the setting reaction on the injectability of tricalcium phosphate (TCP) pastes. Even if the injection was performed early after mixing powder and liquid, powder reactivity was shown to play a significant role in the injectability of TCP pastes. Significant differences were observed between the injection behavior of non-hardening β-TCP pastes and that of self-hardening α-TCP pastes. The differences were more marked at low liquidto-powder ratios, using fine powders and injecting through thin needles. α-TCP was in general less injectable than β-TCP and required higher injection loads. Moreover, clogging was identified as a mechanism hindering or even preventing injectability, different and clearly distinguishable from the filter-pressing phenomenon. α-TCP pastes presented transient clogging episodes, which were not observed in β-TCP pastes with equivalent particle size distribution. Different parameters affecting powder reactivity were shown to affect also paste injectability. Thus, whereas powder calcination resulted in an increased injectability due to lower particle reactivity, the addition of setting accelerants, such as hydroxyapatite nanoparticles, tended to reduce the injectability of the TCP pastes, especially if adjoined simultaneously with a Na2HPO4 solution. Although as a general trend faster setting pastes were less injectable, some exceptions were found to this rule. For example, whereas in absence of setting accelerants fine TCP powders were more injectable than the coarse ones in spite of their shorter setting times, when setting accelerants were added this trend was inverted, and coarse powders were more injectable than the fine ones. after mixing powder and liquid, powder reactivity was shown to play a significant role in the injectability of TCP pastes. Significant differences were observed between the injection behavior of non-hardening β-TCP pastes and that of self-hardening α-TCP pastes. The differences were more marked at low liquid-to-powder ratios, using fine powders and injecting through thin needles. α-TCP was in general less injectable than β-TCP and required higher injection loads. Moreover, clogging was identified as a mechanism hindering or even preventing injectability, different and clearly distinguishable from the filter-pressing phenomenon. α-TCP pastes presented transient clogging episodes, which were not observed in β-TCP pastes with equivalent particle size distribution. Different parameters affecting powder reactivity were shown to affect also paste injectability. Thus, whereas powder calcination resulted in an increased injectability due to lower particle reactivity, the addition of setting accelerants, such as hydroxyapatite nanoparticles, tended to reduce the injectability of the TCP pastes, especially if adjoined simultaneously with a Na 2 HPO 4 solution. Although as a general trend faster setting pastes were less injectable, some exceptions were found to this rule. For example, whereas in absence of setting accelerants fine TCP powders were more injectable than the coarse ones in spite of their shorter setting times, when setting accelerants were added this trend was inverted, and coarse powders were more injectable than the fine ones.
Introduction
Minimally invasive surgery techniques offer many benefits for the patient over traditional surgeries, such as less associated injuries, quicker recovery time and less pain. Moreover, shorter hospital stays are needed, often allowing outpatient treatments that result in reducing health costs [1] . However, these techniques require a new generation of injectable biomaterials, able to be implanted through small incisions using laparoscopic devices. When targeting bone-grafting applications, calcium phosphate cements (CPCs) are promising candidates because, together with their potential injectability, they have the ability to harden in an appropriate period of time, giving stability to the implantation site. For these reasons, CPCs are being increasingly used as synthetic bone grafts in areas such as orthopedic surgery, dentistry and maxillofacial surgery, with excellent biocompatibility and in vivo osteoconductivity [2] [3] [4] . Moreover, the possibility of loading them with drugs, proteins or growth factors increases their potential for bone regeneration applications [5] .
In addition to the direct application as bone grafting materials, recent developments have put forward the possibility of using CPCs in combination with different low-temperature processing techniques to obtain pre-set scaffolds [6] [7] [8] [9] . Also in some of these processing techniques injectability becomes a critical issue. This is the case of robocasting, where a CPC slurry is injected through a thin nozzle to print 3D macroporous structures layer by layer [10] .
In spite of many contributions over the last decade [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , there are still many unresolved issues in the understanding of the phenomena underlying the injectability of CPCs. The complexity of the system comes from the fact that clinically useful CPCs are hydraulic biphasic pastes, with high solid content (above 50 %) and broad particle size distributions (PSD), which make them non-Newtonian fluids with viscoelastic rheological behavior that depends on shear rate [21] [22] [23] [24] . Moreover, the evolution of the rheological properties during the setting reaction adds further complexity to the system. Alpha tricalcium phosphate (α-Ca 3 (PO 4 ) 2 ; α-TCP) is one of the most common reactants in CPCs.
In spite of its low solubility (-logK s = 25.5; at 25 °C [25] ), when α-TCP is mixed with water, it hydrolyzes to a calcium deficient hydroxyapatite (Ca 9 (HPO 4 )(PO 4 ) 5 OH; CDHA) according to the reaction in (eq. 1). This conversion produces an entangled network of CDHA crystals that is responsible for the setting and progressive hardening of the cement paste [26, 27] . In order to identify the most important parameters controlling the injectability of CPCs, some authors focused their attention on less reactive calcium phosphate pastes [28] [29] [30] . In these studies beta tricalcium phosphate (β-TCP) was proposed as a model due to its similarity to α-TCP and its lower solubility in water (-logK s = 28.9; at 25 °C [31] ), which prevents it from setting in physiological conditions. This model allowed to understand some of the mechanisms underlying the process of injection of hydraulic pastes and to identify the most relevant variables, including liquid to powder (L/P) ratio, PSD, particle morphology, plastic limit (PL) and viscosity of the liquid phase [28] . However, this model did not take into account the evolution of the rheological properties with the advance of the setting reaction.
The aim of the present work was to analyze the influence of the setting reaction on the injectability of tricalcium phosphate (TCP) pastes. Along the study α-TCP was tested as selfsetting cementitious material, whereas β-TCP was employed as control material to discern the effect of the advancement of the setting reaction on injectability. Moreover, the role of different additives commonly used to accelerate the setting of α-TCP based cements [32] [33] [34] and their influence on the injectability of the pastes was analyzed: i) the incorporation of precipitated hydroxyapatite nanoparticles (pHA), used as a seed to promote heterogeneous nucleation of the precipitation product [35] ; and ii) the use of a Na 2 HPO 4 solution as a liquid phase, which, based on the common ion effect [36] , modifies the chemical equilibrium of eq.1, promoting the precipitation of CDHA.
Materials and methods

Powder fabrication and characterization
A stoichiometric mixture of calcium carbonate (CaCO 3 , Sigma-Aldrich C4830) and monetite (CaHPO 4 , Sigma-Aldrich C7263) was used to synthesize β-TCP and α-TCP in a furnace (Hobersal CNR-58) at 1100 and 1400 °C respectively. In the case of β-TCP, after the thermal treatment the material was cooled down inside the furnace. For α-TCP, a quenching was performed to stabilize the alpha phase. Powders were obtained by dry milling the material in a planetary mill (Pulverisette 6, Fritsch Gmbh) using agate jar and balls. The milling protocols were adjusted to obtain similar PSD in the two starting powders. Fine (F) powders were obtained using 10 balls (d = 30 mm) for 60 min at 450 rpm, followed by a second milling for 60 min at 500 rpm with 100 balls (d = 10 mm). In the case of coarse (C) powders, two different milling protocols were applied, 15 min at 450 rpm for α-TCP and 70 min at 150 rpm for β-TCP (10 balls of 30 mm in both cases).
Since the milling process has been shown to affect the reactivity of the powders [37] , the behavior of as-milled and calcined powders was compared. A calcination process was applied to previously milled fine α-and β-TCP powders, by applying a thermal treatment at 500 C for 24 h.
The PSD of both F and C powders was analyzed by laser diffraction (LS 13 320 Beckman Coulter) and the specific surface area (SSA) was determined by nitrogen adsorption according 
Experimental design
The experiments were performed according to two factorial designs. The first one was aimed at elucidating whether a different behavior in terms of injectability was observed when comparing α-and β-TCP polymorphs. A 2 3 factorial design was followed, where the three independent variables were the type of polymorph (α vs. β), the PSD (F vs. C) and the L/P ratio 
Plastic limit and setting times
The plastic limit (PL) was determined according to ASTM D-4318-00 standard [38] adapted to small quantities of material [28] . Briefly, 0.2 mL of liquid phase were added to 1 g of solid phase and mixed. Afterwards, liquid phase was added dropwise, mixing the paste after each addition. The blend was weighed once acquired the consistency of a workable paste. Then, the blend was dried and weighed again to obtain the total amount of water used. The corresponding L/P ratio was considered as the PL.
Setting times were assessed with a Gilmore needle testing set according to ASTM C266-99 standard [39] . As in the case of PL, setting times were determined at room temperature.
Injectability test
An extrusion test was performed, as described in [40] . Briefly, after homogenization the paste was introduced in a commercial syringe with an aperture of 2 mm of diameter (13 mm diameter cartridge with nominal capacity of 5 mL). The syringe was placed in a customized injection setup in a universal testing machine (BIONIX, MTS, MN). 2.5 min after mixing the solid and liquid phases, the paste was injected at a constant velocity of 15 mm min 
Where: Inj is the Injectability percentage, W E is the weight of the empty syringe, W F is the weight of the syringe full of paste and W A is the weight of the syringe after the injection.
In addition to the quantification of the injectability percentage, the yield load and the injection load were obtained from the extrusion curves (load-plunger run), where the plunger run was considered as the percentage of displacement of the syringe plunger respect to its initial position.
In some specific cases the injection was started after different post-mixing times of 2.5, 5, 60
or 240 min. In other tests a 3 cm-length tapering cannula with a final inner diameter of 0.84 mm was used. All experiments were performed at least in triplicate for statistical analysis.
Phase composition and microstructure
The phase composition of α-and β-TCP/C pastes prepared at L/P ratio of 0.35 mL g -1 without additives after 7 days immersion in water at 37 °C was determined by XRD, and the microstructure was observed by FE-SEM, after coating with Au-Pd. In addition, the evolution of the SSA during the early stages of the setting reaction was assessed. To this end, the setting reaction was stopped by quenching the paste in liquid nitrogen at different time points after mixing with water the as-milled or the calcined α-and β-TCP/F powders, followed by lyophilization. Then, the SSA was measured by nitrogen adsorption following the BET theory.
Dynamic viscosity
The effect of the incorporation of pHA and/or Na 2 HPO 4 on the dynamic viscosity of α-TCP/F was studied using a controlled stress rheometer (RC20-CPS, RheoTec GmbH). In order not to overcome the torque limit of the equipment and prevent the breaking down of the material at high shear rate, the L/P ratio of the paste was set to 0.55 mL g -1
. Parallel plate geometry was employed, with 25 mm diameter plates onto which an adhesive grinding paper with controlled roughness (Buehler, GP 240) was glued in order to avoid slipping phenomena. The paste was placed onto the bottom plate and the upper plate was slowly set to a gap of 2 mm, thus avoiding any exudation of the liquid phase from the paste. Two minutes after the mixture of solid and liquid, the sample was subjected to a pre-shear at 15 s -1 during 30 s, followed by a reconstruction step of 1 min in order to reset the structural memory of the material. During the test, the shear rate was increased linearly from 0 to 100 s -1 in 30 seconds.
Hardening reaction
The effect of the incorporation of pHA and/or Na 2 HPO 4 on the hardening kinetics of α-TCP/C was determined by assessing the compressive strength of the cement specimens after different reaction times. Cylindrical specimens (6 mm diameter and 12 mm height) were prepared at a L/P ratio of 0.35 mL g -1 in Teflon moulds and immersed in Ringer`s solution (0.9 % NaCl) at 37 °C for different time intervals ( 3. Results
Powder characteristics
The volumetric PSD of the coarse and fine powders of the two TCP polymorphs are presented in Figure 1 . Similar PSD were obtained for the α-TCP and β-TCP powders, as confirmed by the SSA values, displayed in Table 1 . The morphology of the particles is shown in Figure 1 . The phase composition of the different powders, obtained by Rietveld refinement of the XRD diagrams, with an intrinsic error of 1 wt.% is also displayed in Table 1 . As expected, F powders contained a higher proportion of amorphous phase, which was eliminated after calcination, while the content of β-TCP slightly increased.
Injection behavior of alpha and beta tricalcium phosphate pastes
In the first set of experiments, the injection behavior of as-milled α-TCP and β-TCP pastes was studied varying powder granularity (F vs. C) and L/P ratio (0.35 vs. 0.45 mL g -1 ). Higher L/P ratios were not tested because complete injectable pastes were obtained at 0.45 mL g -1 irrespective to the polymorph or particle size used. Figure 2 shows the extrusion curves (load vs. plunger run) during paste injection. Three relevant stages were found in the reported curves. The first stage consisted in an initial transient regime in which the applied load increased rapidly until reaching the yield load that corresponded to the load needed for the paste starting to flow. In the second stage, pastes flowed in steady state conditions at a constant load, referred to as injection load. In the third and final stage, the load increased again. This was caused either by the fact that the syringe was empty or because the paste was not further injectable. In the former case, a sharp load increase was registered at the end of the plunger run, whereas in the latter case, the load increased less abruptly until reaching the maximum load allowed in the testing protocol (100 N). In the particular case of α-TCP/C, force spikes were found systematically in the extrusion curve, in all the samples tested, caused by clogging of the syringe aperture (see Figure 2b) . Nonetheless, the applied load was able to unblock the syringe, allowing the paste to flow again, until completion of the extrusion test. In particular, the α-TCP/C paste prepared at a nominal L/P ratio of 0.45 mL g -1 , was totally injectable at a constant load aside from the clogging load peaks (see Figure 2b) . In order to assess if clogging was associated to a change in the L/P ratio, the paste injected before and after a clogging load spike was collected for the α-TCP/C paste ( Figure 2b ). The L/P ratio of the .
The statistical analysis of the data confirmed that there were no significant differences between these values, thus the LPR was kept constant along the injection (p > 0.05).
The average values and standard deviations of the yield load, injection load and injectability obtained for the different pastes, together with the setting times, are summarized in Table 2 .
In general, setting times were longer for β-than for α-TCP, and for C powders than for F ones.
In agreement with previous works, injectability and setting times increased with increasing L/P ratio, while yield load and injection load decreased. At low L/P ratio (0.35 mL g -1
), α-TCP pastes were less injectable than β-TCP ones and required higher injection loads. These differences were more pronounced for F powders, while for C powders they were almost negligible.
Moreover, F powders required lower injection loads and were more injectable than C ones, being the differences larger for β-TCP than for α-TCP. In contrast, at high L/P ratio (0.45 mL g
the injectability, yield and injection loads did not change significantly between TCP polymorphs or powder granulometry.
Although β-TCP was chosen as a model for a non-setting or non-curing ceramic paste, in fact, as shown in Table 2 , well-defined initial and final setting times were found for the as-milled β-TCP pastes using the Gillmore needles method. However, the XRD patterns displayed in
Figures 3a and b demonstrated that, whereas α-TCP totally hydrolyzed to a calcium deficient hydroxyapatite, β-TCP did not hydrolyze after 7 days in contact with water, as no new phase was detected by XRD. Only a slight increase in the intensity and a reduction in the width of the XRD peaks was observed. Furthermore, SEM images showed very different microstructures.
Whereas a network of entangled crystals was observed after 7 days in the α-TCP sample (Figure 3c) , with no trace of the α-TCP particles, in the case of β-TCP ( Figure 3d ) the starting particles were clearly visible, and only small precipitates were observed, probably in a nondetectable amount by XRD.
In order to assess whether this partial reaction of the β-TCP powders could be attributed to an amorphisation produced during milling, and more importantly, to clarify up to what extent this could affect the injectability of the pastes, the behavior of as-milled and calcined powders was compared. As shown in Figure 4a , when as-milled or calcined powders were injected at different times after mixing powder and liquid, the behavior was very different. First, the injectability of the calcined β-TCP was higher than that of uncalcined β-TCP, and was kept constant for over 4 h, as expected for a non-self-setting paste. In contrast, the injectability of the uncalcined β-TCP powder decreased around 50 % after 1 h and the paste could not be injected at all after 4 h. Second, the injectability of the α-TCP pastes was initially similar for the calcined and the uncalcined powders, and lower than that of calcined β-TCP. However, it decreased over time, to a higher extent for the as-milled than for the calcined α-TCP powder.
Interestingly, there was a correlation between this behavior and the SSA evolution at early reaction stages, as shown in Figure 4b . The SSA of the uncalcined β-and α-TCP increased over time, indicating the precipitation of a new phase with high SSA, even at short times. In contrast, the SSA of the calcined powders did not increase after mixing with water, even after 60 min.
The effect of the internal needle diameter on the injectability of uncalcined α-and β-TCP pastes with different granularities is shown in Figure 5 . Two different injection configurations were used: 1) injection without cannula, through the aperture of the syringe (inner diameter 2 mm); and 2) injection through a needle with a tapered tip, with a final inner diameter of 0.84 mm. The injectability of α-TCP was significantly reduced when reducing the inner diameter of the needle, in particular for C powders. In contrast, injectability was hardly altered in the β-TCP pastes. Interestingly, no statistically significant differences in yield and injection loads were observed when reducing the aperture size of the cannula. When a small inner diameter cannula was employed, the extrusion curves of the α-TCP pastes (F and C) presented a sharp increment of load at the end of the steady state plateau (Figures 5c and d) . This abrupt load increment matched with the sudden stop of the injection. As in the case of α-TCP/C without cannula (Figure 5d ), the sharp load increase was probably produced by the clogging of the syringe aperture which, in the small-diameter needle, was not overcome by the applied force.
No indications of clogging were found in the β-TCP pastes, irrespective of the inner diameter of the cannula or the particle size.
3.3. Effect of the incorporation of setting accelerant additives on the injectability of the pastes
The second set of experiments was aimed at determining the effect of the incorporation of setting accelerants on the injectability of TCP pastes. The separate and combined effects of the Na 2 HPO 4 solution and/or the pHA nanoparticles on the PL, setting times, injectabilities, yield loads and injection loads of α-and β-TCP pastes are summarized in Table 3 . It is important to note that no statistically significant differences were found in the PL of the different formulations, which in average was 0.23 ± 0.01 mL g -1
. A summary of the statistical analysis of the factorial design is shown in Table 4 .
As expected, the most significant effect on the setting time was the type of polymorph. The setting time measured with Gillmore needles was significantly lower in α-than in the β-TCP pastes (p < 0.001), this effect being more marked for the C than for the F powders. In this experiment as-milled powders were used, this being the reason for this apparent setting of β-TCP measured by the Gillmore needles. The second most significant variables were the particle size (p < 0.008) and the use of the Na 2 HPO 4 solution (p < 0.01). The addition of pHA seeds was also significant, but to a lesser extent (p < 0.03). Moreover, the incorporation of both additives at the same time produced the highest reduction of the setting times, for both β-and α-TCP.
When looking at the injectability, the addition of pHA nanoparticles was the most significant parameter (p < 0.0009), especially when the accelerant solution was used, and for the fine powder, as shown by the significance of the interactions between these two parameters (pHA/Na 2 HPO 4 and pHA/PSD respectively). The type of polymorph was also significant, being more injectable the β-than the α-TCP pastes (p < 0.002). Although from the analysis of the main effects it could seem that in general the addition of the sodium phosphate salt in the liquid phase tended to reduce the injectability (p < 0.005), a closer examination of its interaction with pHA revealed that, in fact, in absence of pHA the sodium phosphate solution slightly increased injectability except for β-TCP/F, whereas when pHA was present, a strong reduction was found. Thus, the simultaneous incorporation of pHA and Na 2 HPO 4 considerably reduced the injectability, although to a different extent on the two polymorphs and PSD.
Whereas this reduction was very significant for the α-TCP, in the case of β-TCP pastes it was significant only for the F powder, being irrelevant for the C powder.
The influence of the different parameters on the yield load was similar to that described for injectability. Although the independent incorporation of pHA or Na 2 HPO 4 solution increased the yield loads, it was the simultaneous incorporation of these two additives that had the most significant effect, in particular for α-TCP powders, as revealed by significance of the two-order (Na 2 HPO 4 /pHA) and three-order (TCP/Na 2 HPO 4 /pHA) interactions.
These trends are illustrated in Figure 6 , where representative extrusion curves for α-and β-TCP pastes containing the different additives are shown.
The dynamic viscosity of the α-TCP/F pastes with the independent or simultaneous incorporation of the two additives is shown in Figure 7 . The increase in viscosity due to the incorporation of Na 2 HPO 4 was lower than the increase produced by the incorporation of pHA.
The highest viscosity was found when simultaneously incorporating Na 2 HPO 4 and pHA. All the pastes presented a shear thinning behavior and, as a consequence, the differences in viscosity amongst the different samples decreased with increasing shear rate.
Finally, the effect of the accelerants on the hardening kinetics of CPCs is illustrated in Figure 8 , where the evolution of the compressive strength of the α-TCP/C paste with time is shown. No significant increase in compressive strength with time was observed in β-TCP pastes. The samples prepared with α-TCP and water as liquid phase presented an induction period of about 8 h during which a very small increase in compressive strength was found, slightly higher in presence of pHA. Afterwards, the hardening rate became faster, reaching after 360 h a compressive strength of 37.6 ± 2.7 MPa in absence of seed or 70.5 ± 2.7 MPa when 2 wt.% pHA was added. In contrast, when the Na 2 HPO 4 solution was used as the liquid phase, the hardening of the cement started increasing since the first hours of reaction, reaching a value of 53.9 ± 1.8 MPa after 360 h in absence of seeds, whereas a lower value (37.9 ± 1.5 MPa) was found when both additives were used simultaneously.
Discussion
General considerations
One of the objectives of the present work was to determine the influence of the setting reaction on the injectability of calcium phosphate pastes. α-and β-TCP polymorphs were selected as a model, since they have different solubilities. In fact, α-TCP is known to have a self-setting ability through its hydrolysis at room or body temperature to a CDHA (see eq.1), and for this reason it is used as a reactant in CPCs. In contrast, β-TCP, which is less soluble, does not present this self-curing capacity. Moreover, other parameters affecting the kinetics of the setting reaction in CPCs were considered, such as the calcination of the powder, or the addition of accelerant agents in the cement formulations. Even if, as a matter of fact, the injection of the paste is supposed to take place immediately after mixing the liquid and the powder phases of the cement, we were interested in evaluating the influence of the incipient setting reaction on the injectability of the pastes.
Since one of the factors that influence most the injectability is the particle size, the first step was to obtain similar PSD for both TCP polymorphs to be able to compare them. Although β-TCP with the same PSD could be obtained by heat treatment of α-TCP, it was preferred to use the same method (i.e. sintering followed by milling) to obtain the two polymorphs, since milling is known to alter the reactivity of the powders. This allowed in addition to evaluate the effect of calcination on both α-and β-TCP powders. To obtain similar PSD, SSA and particle morphologies ( Figure 1 ) it was necessary to adjust the milling protocols in the case of the coarse powders. This can be explained by the fact that, due to higher sintering temperatures and times, α-TCP comminution required more energy than β-TCP. However, in the case of fine powders, where a more energetic milling was applied, the same milling protocol resulted in similar PSD for the two polymorphs.
Surprisingly, the PL was the same irrespective of the polymorph, PSD or incorporation of the additives that reduced the setting time, as shown in Table 3 . For this reason the results were analyzed in terms of L/P ratio.
In this study, the injectability was characterized by monitoring the load needed for the paste to be extruded through a given aperture, at constant injection velocity until a maximum load of a 100 N. The shape of the load vs. plunger run curves was indicative of different phenomena taking place during paste extrusion, such as phase separation or clogging of the syringe aperture. In fact, when phase separation occurred (see for instance Figure 2 ), the load necessary for the paste to be injected gradually increased, due to the progressive decrease of the L/P ratio of the paste inside of the syringe [29] . In contrast, when clogging of the syringe aperture happened (Figures 2b, 5c-d and 6a-b) , there was an abrupt increase in the load, either transient or permanent, due to the impermeability of the aggregates formed, which prevented further injection [41] . By contrast, if no phase separation or clogging happened, the paste was injected at a constant load until emptying the syringe. Even though both clogging and filter pressing result in a load increase during injection, they should be considered as different phenomena hindering injectability. In fact, filter pressing is as gradual and irreversible process, caused by the progressive liquid phase separation from the solid phase. In contrast, in ). This was corroborated by the fact that the L/P ratio of the paste did not change before and after a clogging episode, as described in the results section. However, it is true that in some cases clogging can happen in parallel to filter pressing, as in the case of α-TCP/C paste prepared at low L/P ratio (see Figure   2b ).
Differences between self-setting and non-self-setting pastes
When comparing the injection behavior of α-and β-TCP polymorphs using 2 mm aperture syringes (i.e., more than 20 times larger than the particle size range of the powders, which is 0.1-20 µm for the F powders and 0.1-80 µm for the C powders), it was observed that, in general, α-TCP was less injectable than β-TCP and required higher injection loads ( Figure 2 ).
However, when analyzing in more detail the data obtained, the following trends were found: i)
at high L/P ratio the injection parameters (namely injectability, yield load and injection load)
were similar, irrespective of the particle size; ii) at low L/P ratio, the differences amongst α-and β-TCP pastes were more marked, especially for F powders. This was associated to the fact that, since the hydrolysis reaction is surface-mediated, the difference in reactivity between α-and β-TCP should be more pronounced the higher the SSA of the powders; and iii) α-TCP/C pastes presented transient clogging episodes, which were not observed in β-TCP/C pastes with equivalent PSD.
These differences were more pronounced when the pastes were injected using cannulas with smaller apertures, such as 0.84 mm (only ten times larger than the largest C particles) ( Figure   5 ). Whereas the injectability of β-TCP was unaltered (F powder) or only slightly reduced (C powder) when reducing needle diameter, the injectability of the α-TCP paste strongly decreased, in particular for C powders. Furthermore, the sharp profile at the end of the extrusion curves suggested that, with thin cannulas, the phenomenon behind the sudden interruption of injection of α-TCP was clogging of the cannula rather than phase separation.
Although both clogging and phase separation were fostered by the reduction of the transversal section at the entrance of the cannula, which induces particle aggregation, the difference between them lies on the size and the permeability of the aggregates formed. As expected, thinner cannulas have greater probability to be clogged than thick ones. Thus, while with thick cannulas clogging only happened using α-TCP/C powders and was transitory, with thin cannulas clogging occurred for both F and C α-TCP pastes. No clogging was found for β-TCP paste, irrespective of PSD or needle diameter, suggesting a major particle aggregation in the case of the more reactive polymorph.
Apparent setting of β-TCP and its effect on injectability
Although β-TCP was used as control and considered a priori as a non-self-setting material, in fact an apparent setting was found according to the Gilmore needles method (Tables 2-4 ). This can be attributed to an increased reactivity of the powder due to a partial amorphisation during milling [37, 42] , as corroborated by the amorphous phase quantified by Rietveld, which increased with milling time (Table 1 ). In fact, this was in agreement with the SEM images and the XRD evolution with time ( Figure 3 ). The increase in crystallinity found in the β-TCP after 7 days, the observation of small precipitates on the surface of the particles (Figure 3d ) and the increase in SSA (Figure 4b ) could be explained by the dissolution of the amorphized fraction formed on the surface of the particles during milling. The fact that no other phase than β-TCP was found by XRD can be attributed to the low amount of hydrolyzed material, which in fact was not enough to produce a cementitious self-hardening reaction. After calcination at 500 C, no amorphous phase was detected in the β-TCP powder by Rietveld (Table 1) , which was consistent with the decrease in reactivity suggested by the unaltered SSA with time ( Figure   4b ). Interestingly, this had a significant effect in the injectability of the β-TCP paste. Not only the injectability at 2.5 minutes after mixing was higher in the calcined powder, but this injectability was maintained constant if the paste was injected long after mixing powder and liquid, even after 4 hours (Figure 4a ). In contrast, in the uncalcined powder the injectability decreased when injection was delayed for 60 minutes, and the paste was not injectable at all after 4 hours. As expected, a similar trend was observed with α-TCP, the injectability decreasing less markedly with post-mixing time for less reactive calcined powders than for the as-milled ones. In both cases, the effect of powder reactivity on the injectability of the pastes was clear, and showed that even at very short times, the incipient precipitation from solution fostered the interactions between neighboring particles [43, 44] , which ultimately constrained paste injectability.
Effect of setting accelerants
CPCs should set within minutes after implantation. This allows a fast grafting surgery, without extravasation risk. Although the cement hardening was studied only for the α-TCP/C, it is know that in the range studied, the PSD does not significantly affect the final compressive strength of the cement, and it is only relevant for the hardening rate, being faster in the case of fine powders [45, 46] . In the present work, it was observed that both Na 2 HPO 4 dissolved in the liquid phase and the incorporation of pHA nanoparticles to the solid phase reduced in a similar way the setting times of TCP pastes, especially in the case of α-TCP (Table 3) . However, it is interesting to note that the setting of the cement pastes, as measured by the Gilmore needles, and the strength acquisition ( Figure 8) were not linked phenomena. In fact, only the Na 2 HPO 4 solution produced a faster hardening (Figure 8) , whereas the addition of pHA did not prevent a long induction time prior to strength increase. Keeping in mind that strength development in this type of materials is the result of the entanglement of precipitated crystals [26] , in the case of Na 2 HPO 4 , the early strength acquisition proves that the common ion effectively accelerated the precipitation of CDHA, and this could also be behind the setting time reduction. In contrast, in the case of pHA, the fact that no hardening acceleration was found suggests that the setting acceleration mechanism was associated to the physical interactions in the paste, due to the increase in SSA caused by the addition of the nanoparticles, rather than to an acceleration of the CDHA precipitation. Whereas both mechanisms would affect the setting times, only the former would have a real accelerating effect in the hardening kinetics.
These two different mechanisms are also probably behind the uneven effect of the two additives on the injectability of the pastes. The reduction in injectability produced by pHA was higher than that of Na 2 HPO 4 , and in absence of pHA the sodium phosphate salt even increased paste injectability. The changes in injectability can be related to the effect of the two additives on the dynamic viscosity of the pastes (Figure 7) . In fact, the addition of pHA increased the viscosity to a higher extent than Na 2 HPO 4 . As for the setting time reduction, the increment of viscosity caused by the addition of pHA can be associated to the increase of SSA in the paste, which also impaired paste injection. In contrast, a different mechanism is probably acting in the case of Na 2 HPO 4 . In fact, an increase in viscosity could be expected from the accelerating effect of the setting reaction by the common ion effect. However, this might be counterbalanced in part by a reduced particle-particle electrostatic attraction due to the change in pH. Indeed, in contrast to distilled water (pH = 6), the pH of the 2.5 wt.% Na 2 HPO 4 solution is 9.1. Taking into account that the isoelectric point of α-and β-TCP is 6.7 ± 0.1 [47] , the higher difference between the isoelectric point and the pH of the liquid phase results in a negative charge on the particles, which gives rise to enhanced particle repulsions within the paste, leading in turn to an improved, or at least a less impaired injectability. However, when the two additives were added simultaneously, a synergistic effect was found, resulting in a strong reduction of both setting time and injectability.
In order to analyze possible correlations between injection properties of the TCP pastes and their setting times, injectability and injection loads were represented in Figure 9 as a function of the initial setting times, for different paste formulations with L/P ratio of 0.35 mL g -1 (see values in Table 3 ). Although with a considerable dispersion, the general trend was that when the initial setting time increased the injectability of the pastes tended to increase, both parameters being higher for β-than for α-TCP. However, it is interesting to note that there were two parameters that influenced in opposite directions injectability and setting times: 1)
when no additives were used, F powders were more injectable than C ones, even if the initial setting times were slightly shorter; 2) the addition of Na 2 HPO 4 significantly reduced the setting times but at the same time increased injectability. In contrast, the addition of pHA or the simultaneous addition of the two setting accelerants, resulted in a reduction of both injectability and setting times. On the other side, no correlation was found between injection loads and setting times.
Conclusion
Powder reactivity was shown to play a significant role in the injectability of TCP pastes. Even if the injection was performed at very short times, significant differences were observed between the injection behavior of the non-hardening β-TCP pastes and self-hardening α-TCP pastes, α-TCP being less injectable than β-TCP and requiring higher injection loads. Moreover, the parameters affecting powder reactivity were shown to affect also paste injectability. Thus, whereas powder calcination resulted in an increased injectability, the addition of setting accelerants tended to reduce the injectability of the TCP pastes. 18.7 ± 2.7 17.9 ± 2.9 
